Abstract This is a review of recent efforts to develop and implement forest and wildland fire management decision support systems (FMDSS) that fire managers can use to enhance their management of their fire suppression activities. Fire managers need to resolve complex decisions associated with fuel management, fire prevention, detection, the suppression of potentially destructive wildfires and the use of prescribed fire to achieve an appropriate balance between the beneficial and detrimental social, economic and ecological impacts of fire on flammable landscapes, often under considerable uncertainty. This review focuses on the use of operational research and management science (OR/MS) methods to address their suppression resource management decision support needs.
Introduction
Most forest and wildland fire research can be classified as belonging to one or more of the following four categories:
1. Fire behaviour or the physics and chemistry of fire ignition and spread.
2.
Fire ecology which deals with the ecological impacts of fire. 3. The human dimensions of wildland fire which addresses the socio-economic impact of fire. 4. Fire management systems that deal with fire management processes, decision-making and planning.
This is a review of recent developments in fire management systems, the use of operational research and management science (OR/MS) methods to develop fire management decision support systems (FMDSS) that fire mangers can use to enhance their decision-making. The spatial and temporal focus of this review is very decidedly North America for the period 2010 through 2014. Wildland fire and the development and use of FMDSS span the globe but the vegetation that fuels fire, weather, topography, land use and land management practices vary around the globe (see, for example, Scott et al. (2014) [1] ) as do the fire management policies, organizations, technology and practices that have evolved to manage fire on those very diverse landscapes. I have drawn upon my understanding of fire management in Canada to structure my review and apologize in advance to readers that recognize that the fire management that is practised across, for example, the sparsely populated boreal forest region of Canada where fire managers make extensive use of aircraft, differs very significantly from what happens in heavily populated wildland urban interface (WUI) areas in other countries where fire mangers rely on fire engines, dozers and other heavy equipment.
That most of the articles reviewed here pertain to North America reflects the fact that much of the recent FMDSS research was focussed on North America but that was not always the case, nor will it remain so in the future. Many of the important contributions from the former Soviet Union are reviewed in Martell (1982) [2] . Growing interest in the development and use of FMDSS across Europe is evident in the growth in publications that deal with FMDSS that focus on that area beginning primarily in the first decade of the 21st century (e.g. Kalabokidis et al. (2002) [3] and Rachaniotis and Pappis (2006) [4•] ), some of which were reviewed by Minas et al. (2012) [5] . Given the very significant investments in fire research in Europe in recent years, Pacheco et al. (2013) [6] is but one example of many more publications dealing with FMDSS in Europe that can be expected to appear in the literature in the coming years. Interest in FMDSS has also grown significantly in Australia in recent years and as is the case with Europe, Plucinski (2013) [7] is no doubt a pre-cursor of many important contributions that will emanate from there in the coming years.
The application of OR/MS methods to fire management dates back to the pioneering work of Shephard and Jewell (1961) [8] in the Operations Research Center at the University of California, Berkeley. Many of the publications that dealt with OR/MS and FMDSS published during the period 1961 through 1981 were reviewed by Martell (1982) [2] , Martell et al. (1998) [9] and Martell (2007) [10] reviewed subsequent publications as did Minas et al. (2012) [5] who more recently approached fire management from a methodological perspective and discussed the applicability of specific OR/MS methods (e.g. mathematical programming, simulation and stochastic programing) to fire management decisionmaking problems. The expanding scope of OR/MS applications in fire management and methodological advances such as, for example, the development of new methods for dealing with uncertainty, have also spawned more specialized reviews such as Miller and Ager's (2013) [11] recent review of risk analysis in forest and wildland fire management.
Overview
Forest and wildland fire are natural ecosystem processes, but fire can and often does pose significant threats to public safety, property and forest resources. That creates special challenges for fire managers that are charged with the responsibility for achieving an appropriate balance between the beneficial and detrimental impacts of fire. Sound fire management calls for fuel management, fire prevention and detection, the suppression of potentially destructive wildfires, modified suppression of some wildfires, allowing some beneficial wildfires to burn, and the use of prescribed fire to achieve ecosystem management objectives. This review focuses on fire management decision-making and the development and use of FMDSS that fire mangers can use to enhance the cost-effectiveness of their fire suppression activities.
Most North American forest and wildland fire management agencies were created in the early decades of the 20th century in response to large destructive fire incidents that took many lives and destroyed many homes and natural resources. Those catastrophic losses led to the formation of fire control agencies and the widespread adoption of fire exclusion policies that were based on the belief that fire was a destructive force that could and should be excluded from the forest at almost any cost (see Pyne (1982) [12] and Pyne (2007) [13] ). Beginning in the 1970s, many of those agencies slowly began to evolve from fire control agencies designed to practise fire exclusion, towards fire management organizations fuelled by growing recognition of the need to achieve an appropriate balance between mitigating the destructive impact of fire while reaping its benefits, all at a reasonable cost. That shift has, for most agencies, been understandably gradual for many complex ecological, social, legal and cultural reasons that are well beyond the scope of this review. That slow pace of change is also, no doubt, due in part, to a lack of proven FMDSS which often leaves fire mangers to practise what might best be described as Bwhen in doubt -put it out^fire management.
Since the destructive impact of wildfires usually increases with fire size and the growth in the area of a free-spreading fire is a non-linear non-decreasing function of time, forest and wildland fire managers share with other emergency response organizations, a need to quickly detect and respond to incidents. The focus of this review is fire suppression effectiveness but one cannot nor should one attempt to focus on what takes place on the fire line alone, in isolation from the many other activities that take place in a fire organization and influence the cost-effectiveness of its suppression systems. In order to mitigate the destructive impact of fire, one must devote efforts to modifying flammable fuel complexes (fuel management), reducing the number of human-caused fires that occur (prevention), detecting potentially destructive fires such that they can be contained at a small size at a reasonable cost (detection), acquiring, deploying and dispatching initial attack resources such as airtankers, transport helicopters, engines and fire fighters such that they can reach destructive fires soon after they are reported (suppression resource acquisition, deployment, dispatch and use), and mobilizing incident management teams to deal with the fires that escape initial attack (large fire management).
Forest and wildland fire management can be viewed from a supply chain management perspective (see Martell (2007) [10] ) and defined as delivering the right amount of the right fire to the right place at the right time at the right cost, and this review deals with decision-making and planning concerning the suppression aspects of the forest and wildland fire management supply chain. That being said, space limitations preclude the inclusion of a detailed discussion of all of the suppression aspects of a modern fire management programme. This review does not, for example, explore the development of decision support systems that can be used to help determine when, where and how best to carry out fuel management treatments, an important aspect of fire suppression that is reviewed in depth by Dr. P. Omi in another review in this issue. Although the need to grow some wildfires to achieve ecosystem benefits is touched upon very briefly, the development and use of FMDSS to enhance the use of prescribed fire are not covered.
Prevention
The primary objective of the fire prevention system is to reduce human-caused fire occurrence. Fire prevention specialists refer to the Bthree E's of prevention^, engineering, education and enforcement. There are very few recent publications that describe FMDSS that fire managers can use to help decide how they might best allocate their prevention resources to reduce human-caused fire occurrence, and publications that deal with the enforcement aspect of prevention are notable for their absence. [15] ), it is surprising that a search of the recent literature revealed no publications that build on the early efforts of Heineke and Weissenberger (1974) [16] who explored the properties of optimal deterrence policies.
Most recent wildland fire publications that address the engineering aspects of prevention deal with fuel management. Prestemon et al. (2010) [14•] identified Ba striking absence^of studies that document the effectiveness of wildfire prevention education (WPE) measures. They used econometric methods to develop a statistical model that relates human-caused fire occurrence to prevention education activities and other factors (e.g. fire weather) in the state of Florida. They then used their model to carry out a benefit cost analysis of WPE and found that at the state level, WPE benefits significantly outweigh their costs.
Detection
The objective of the fire detection system is to deliver fires to the initial attack system in a timely and cost-effective manner. Put simply, it should deliver fires to the initial attack system while they are small and easily controlled but at a reasonable cost. Over-investment in the detection system at the expense of the initial attack system will deliver small fires that may escape initial attack due to a shortage of initial attack resources. Similarly, enhancing the initial attack system at the expense of the detection system will result in the detection system delivering large, difficult to control fires to the initial attack system. Detection and initial attack system planning must be integrated to achieve an appropriate balance to achieve overall fire management objectives.
Most fire management agencies rely on a mix of detection resources that may include the use of fixed lookout towers that are staffed by observers and/or are equipped with digital cameras or other sensors, detection patrol aircraft, satellites and the public that reports fires they detect as they travel near or through forested areas. Although some fire management agencies use satellites to monitor fires in remote areas, the satellite technology currently available to fire management agencies is such that the sizes at which new fires will be delivered to the initial attack system preclude their use for detection anywhere other than in remote areas where fires pose little or no threat to public safety and forest resources.
Fire managers must decide where to establish towers, when to staff or activate them and when and where to route aerial detection patrols. Mees (1976) [17] addressed the tower location problem and Kourtz (1973) [18] the aerial detection patrol routing problem, many years ago. Recent years have witnessed enormous growth in interest and publications that deal with the remote sensing and image processing systems designed to be used for wildland fire detection purposes. Mahdipour and Dadkhah (2014) [19] for example, reviewed recent publications that deal with wireless fire sensor networks. Koltunov et al. (2012) [20] described the methodology they developed for evaluating the timeliness of the initial detections of fires by the GOES satellite which they report, did detect a few incidents [23] report on their testing of two image-based sensors mounted on towers in Australia, but the recent literature contains very few publications that deal with fire detection decision support systems. That absence may reflect the fact that the tower location models and patrol routing models developed in the past have long since been implemented and that further research is felt to be no longer required, but I am aware of no convincing evidence that the decision support needs of detection managers have been adequately addressed. One notable exception is Tapia and Castillo (2014) [24] who describe their development of a topographic index that they used to evaluate alternative tower locations with respect to potential fire occurrence and damage and their use of spatial analysis methods to minimize the number of towers required to achieve specified coverage levels.
With the exception of Rego and Catry's (2006) [25•] lookout tower detection probability model, there appears to be little current interest in anything other than the potential use of satellites and fixed cameras for fire detection. It is not clear that the satellite technology available to fire managers will prove to be practical for detection purposes in the near future. It is, however, reasonable to assume that the use of drones to map large fires from the restricted air space fire management agencies impose over large active fires will increase and that they will eventually be used for aerial detection patrols currently flown using piloted fixed-wing aircraft. Assuming that will be the case, it is essential that OR/MS specialists resurrect the important early detection patrol routing research initiated by Kourtz (1973) [18] . It is also important that sound methods be developed for evaluating the performance of detection systems that reach well beyond simple measures such as fire size at detection and the fraction of fires detected and reported by aerial detection patrol aircraft, lookout tower observers and camera-based systems. The fact that the public reports many fires in many jurisdictions is an important issue that has not been adequately addressed by detection researchers and there is a need to better determine when and where aerial detection patrol aircraft and fixed fire lookout resources should be focussed and when and where fire managers should rely upon the public.
The Management of Fire Suppression Resources
Fire management agencies use many types of resources to contain and ultimately extinguish wildfires that can be grouped into the following broad categories.
1. Fire crews equipped with hand tools, pumps, hose and other equipment they use to construct and maintain control line and to extinguish fire within the fire perimeter. 2. Airtankers and fire trucks that deliver fire retardants and/ or suppressants to fires. One could address the management of such resources from many perspectives, and this review is structured with respect to the spatial and temporal attributes of the decisions associated with their management. Strategic decision-making pertains to decisions that involve major agency-wide commitments of resources that will influence operations for long periods of time (e.g. the acquisition of airtankers that may be used for one or more years) while tactical decision-making is associated with decision-making that results in resource allocations and commitments within a smaller area over relatively short periods of time (e.g. the daily deployment of airtankers to attack bases or the sharing of fire crews for weeks). Initial attack dispatching and deciding how to contain a particular fire constitute resource commitments within a fire management unit or on a specific fire that typically persist for relatively short periods of time (and are often revised as the day progresses) are examples that are often classified as operational decision-making problems.
A Need to Develop Linked Fire Management Subsystem Models
When fire managers decide upon the composition of their airtanker fleets, they must consider where the airtankers might be home based at the beginning of each fire season, how they might be temporarily deployed and re-deployed each day as the season progresses, how they might be dispatched on initial attack each day and how the air attack officers will utilize them to contain the fires to which they are dispatched. The many decisions concerning airtanker acquisition, deployment and use are linked in a complex hierarchy and must be resolved under considerable uncertainty.
Consider, for example, the daily airtanker deployment decision. At the end of each day, fire managers must decide where to deploy their airtankers to best achieve their initial attack objectives the following day. The number and type of airtankers available for deployment each day depend upon higher-level airtanker acquisition and home-basing decisions that were resolved at the start of the fire season or perhaps even many years before, and lower-level decisions concerning how they were deployed, dispatched and used during recent days. What results from daily deployment decision-making is therefore influenced by higher-level airtanker acquisition decision-making and lower-level airtanker use decision-making. One would, in principle, like to develop comprehensive planning models that account for such linkages but it would be very difficult to develop tractable models that would address that need.
The proceedings of a 1992 workshop edited by Martell et al. (1996) [26] in which the participants explored how hierarchical approaches have and might be applied to forest management planning illustrates some of the many approaches that have been used to deal with large complex hierarchical systems. One relatively simple way of dealing with the need to develop linkages between different spatial and temporal levels is to focus on the decision-making level/problem/subsystem of primary interest, develop a model that is believed to capture the essential elements of that subsystem reasonably well and when possible, loosely coupling it with much simpler models that capture the essence of the decision-making that goes on above and below that level in the hierarchy.
Strategic Management of Fire Suppression Resources
Strategic management includes decision-making associated with the acquisition and home-basing of airtankers and transport aircraft (which may be purchased and used for many years, chartered for the fire season or chartered for short periods of time as required) and the hiring and home-basing of fire crews. One of the first documented uses of OR/MS for strategic airtanker management is Martell et al.'s (1984) [27] simulation model which was subsequently enhanced by McAlpine and Hirsch (1999) [28] , modifications of which continue to be used by the Ontario Ministry of Natural Resources and Forests (OMNRF). Similar approaches have since been developed and used by others to explore the potential impact of alternative policies concerning initial attack resource dispatching and use, fuel management and climate change (e.g. Fried et al. (2006) [29] ). Mavsar et al. (2013) [30] is a detailed review of four strategic planning simulation models: the Leopards system which was developed and is used in the province of Ontario Canada (see McAlpine and Hirsch (1999) [28] , the Chilean Kitral model (Pedernera et al. 1999 [31] ), the SINAMI model which was developed in Spain and the Fire Program Analysis (FPA) system (FPA, 2015 [32] ) which is used in the United States. Despite their concern that comprehensive economic measures of fire impact have yet to be fully incorporated in such systems, it appears that there are good simulation models that can be and are used for strategic planning purposes. That being said, Bruins et al.'s (2010) [33] case study of the development and use of the FPA system in the United States demonstrates a clear need to involve the fire managers that are required to use such systems more fully in the development and implementation of such FMDSS.
Some FMDSS developers have, as noted above, addressed the need for integrated planning by developing hierarchical decomposition methods that focus primarily on what takes place at one level of the decision-making hierarchy with some linkage to decisions that are resolved within, above or below the level of primary interest. Greulich (1976) [34] exploited the Markovian properties of day to day changes in fire danger rating indices to develop a mixed integer linear programming model that addressed both annual home-basing and the daily transfer of airtankers from base to base in California. More recently, MacLellan and Martell (1996) [35] developed a linear programming model that was used to help determine where to home base a known number of airtankers and how they could be re-deployed from base to base each day based on simple assumptions concerning how many airtankers would be required to be deployed on alert at each airtanker base each day.
Simulation models are descriptive models that can be used to predict what might happen if specified sets of resources are used according to specified policies and tactics, but when faced with many alternatives, they cannot explicitly or implicitly evaluate all feasible alternatives and be used to prescribe which policies and strategies might be good or optimal. In recent years, attention has therefore increasingly shifted to new approaches that exploit new developments in deterministic and stochastic optimization to develop prescriptive models. Deciding how many airtankers or fire trucks to hire and where to home base them should be influenced by the subsequent tactical decision-making concerning how they will be re-located from base to base each day as the season progresses (e.g. daily deployment) and operational decisionmaking concerning how they will be dispatched and used on individual fires as each day progresses. Although one can incorporate strategic, tactical and operational fire suppression resource decision-making under uncertainty in descriptive simulation models, it's simply not possible, given current computer and optimization technology, to develop tractable integrated stochastic optimization models that address all three levels of fire management decision-making simultaneously nor, to my knowledge, have comprehensive decomposition strategies been developed and used to address such fire management problems. Mavsar et al. (2013) [30] point out that goal programming methods are used to aggregate local Fire Planning Unit (FPU) analysis up to the national level, but there have been few attempts (see, for example, Donovan (2006) [36] ) to use optimization methods to develop strategic planning DSS that can be used to develop and evaluate alternative strategies for managing large complex fire management systems. One very important aspect of such planning is short-term suppression resource sharing. Consider for example, fire management in Canada. The federal government is responsible for fire management in national parks and some other small areas (e.g. military bases), but fire management in Canada is largely a provincial and territorial responsibility. That means there are thirteen federal, provincial and territorial agencies, each of which is further partitioned into some higher spatial resolution regional structure. Each agency must decide how to allocate its resources to each region within its jurisdiction and how those resources will be re-deployed to meet local demands as each fire season progresses. When they do so, they must consider the possibility that they may share their resources with other agencies. Put simply, when fire managers in the province of Ontario develop and evaluate alterative fire management strategies, they must consider the fact that they can and often do re-deploy their resources within the province of Ontario but they must also account for the fact that from time to time; they lend suppression resources to or borrow suppression resources from other agencies.
Unfortunately, most of the strategic FMDSS that have been developed and used do not account for the interaction of fire management agencies that participate in suppression resource sharing agreements very well. Two factors that complicate the solution of such problems are (1) the complex social, political and physical processes that govern such interaction are at best, poorly understood and (2) it would be difficult to develop tractable models that capture such interactions even if they were well understood. Magnussen and Taylor (2012) [37•] focussed on fire weather across Canada and explored spatial and temporal variation in several fire regime variables that influence the sharing of fire suppression resources across Canada. Tsang et al. (2013) [38••] , on the other hand, interviewed representatives of fire management agencies and used game theory methods to develop a strategic resource sharing model which they used to study fire suppression resource sharing processes. Both highlight an urgent need to develop FMDSS to support such decision-making in large complex collaborative networks of fire management agencies that deal with fire on very diverse, widely disbursed landscapes and are responsible to many different political masters appointed by governments that must address the needs and expectations across very different state, provincial and national jurisdictions.
Daily Deployment of Fire Suppression Resources
Forest and wildland fire management agencies share much in common with urban fire departments, emergency medical response agencies and other first responder organizations for which response times are critical. Each day, fire mangers must predict when and where fires might occur and decide where to deploy their airtankers, fire fighters and other suppression resources to minimize the time required for the Bright^resources to reach what they anticipate might be critical incidents.
Many simulation models have been developed to model the daily performance of initial attack systems. Islam and Martell (1998) [39] , for example, developed a simulation model that can be used to predict the performance of an initial attack airtanker system comprised of airtankers deployed at a number of interacting bases and investigated how the system performance varies as the number of fires per day and the initial attack range varies.
Islam et al. (2009) [40•
] developed a time-dependant queueing model that can be used to evaluate daily airtanker deployment strategies, but the optimization of daily deployment and re-deployment of airtankers calls for the solution of very computationally challenging stochastic dynamic programming models so they developed heuristics for solving the daily deployment and re-deployment problems. Chow and Regan (2011) [41• ] drew on set covering location modelling methods to develop what is essentially a strategic homebasing type model they describe as a k-server p-median problem designed to allocate airtankers to bases in California over a 2-month fire season. They then developed a statistical model of day to day changes in fire weather and built on their season model to develop a dynamic chance-constrained model that can be used to help determine how best to re-deploy airtankers in California as the fire season progresses.
Others have exploited recent developments in stochastic integer programming (SIP) to develop more computationally tractable approaches to daily initial attack resource deployment optimization problems. Haight and Fried (2007) [42••] developed a SIP model to determine both how best to deploy initial resources at bases in order to maximize the number of initial attack fires that would subsequently receive a specified Bstandard response^. In other words, some specified number of resources would arrive at the fire within a designated minimum time limit. More recently, Ntaimo et al. (2012) [43••] developed a SIP model that accounts for fire growth and suppression to determine how best to deploy dozers to bases in Texas for the fire season to best deal with fire loads that were characterized in the form of discrete scenarios that specified what sets of fires might be reported each day. They did so by explicitly modelling fire growth and indirect fire suppression action to determine the appropriate response for each fire. Arrubla et al. (2014) [44] subsequently developed a chanceconstrained SIP model in which they addressed the risk preferences of managers that deploy initial attack resources in Texas. Lee et al. (2013) [45•] extended the Haight and Fried (2007) [42••] model by using a set of seasonal fire scenarios and a more sophisticated procedure for specifying an appropriate response, to determine the optimal seasonal deployment of four types of suppression resources to three fire management units that can share their initial attack resources.
The recent advances in the use of SIP show considerable promise and may lead to the eventual development and implementation of more fully integrated approaches to the decision-making hierarchy that begins with weekly decisions concerning the sharing of suppression resources amongst geographically dispersed fire management agencies, the daily deployment of those resources, their subsequent dispatch to fires as they are reported and their use on the fire line. These are the challenging decisions that fire mangers must resolve but they will not adopt FMDSS that do not address their complex interactions adequately. That will call for advances in stochastic programming that can be addressed by the OR/MS research community and the development of more realistic fire suppression scenarios by OR/MS specialists working in collaboration with fire managers.
Initial Attach Dispatch
Each day, fire managers must decide what resources to dispatch to fires as they are reported. Such decisions are based on fire behaviour potential, values at risk, the availability of suppression resources and many other factors. They might, for example, dispatch fire trucks to moderate intensity readily accessible fires that do not pose an imminent threat to public safety or property and limit more costly airtanker and transport helicopter use to potentially more destructive fires that cannot be readily accessed by road. How well they resolve such decisions depends in part, upon the daily deployment decisions that were resolved earlier and higher in the decision-making hierarchy and must be based in part upon how those resources are expected to be used on the fire line. Most of the models that have been developed for such purposes contain relatively simple linkages to the subsequent suppression activities in which those resources will be engaged. Donovan and Rideout (2003) [46••] appear to have been the first to formulate the initial attack dispatch problem as a deterministic integer linear programing (ILP) problem. Their objective was to determine which resources to dispatch to a fire with known attributes to minimize the net cost plus loss incurred as a result of the fire. [46• •] deterministic single fire containment model to deal with multiple fires. They focussed on the dispatch of initial attack resources and developed a deterministic integer linear programming model designed to help determine which initial attack resources at which bases should be dispatched to a specified set of fires to minimize fire loss subject to a budget constraint over some finite planning horizon that could be a day, a week, or a fire season. Their approach is based on the assumption that one can predict in advance, fire occurrence scenarios that specify when and where all the fires that will require initial attack will occur and identify the need for further research to address that problem.
Rideout et al. (2011)
Hu and Ntaimo (2009) [48] extended Donovan and Rideout's (2003) [46• •] deterministic single fire model to develop a two-stage stochastic integer programming (SIP) model for optimizing the dispatch of initial attack resources to multiple fires under uncertainty. Uncertainty concerning fire occurrence and suppression needs was modelled using a discrete set of fire scenarios each of which can occur with some known or estimated probability. The first stage decision is which resources are to be dispatched to the fires, and the optimal use of those resources is identified in the second stage. Their SIP does not explicitly model the interaction of fire growth and suppression, but its output is linked to an agent-based simulation model that does model the interaction of fire growth and the suppression activities prescribed by the SIP model.
These optimization models constitute novel approaches to the very difficult problem of determining how best to dispatch initial attack resources to fires, but some of the modelling assumptions upon which they are based (e.g. that the attributes of all the fires requiring initial attack each day will be known to the dispatcher before he or she has to begin dispatching resources) and computationally tractability issues preclude their practical use for now.
Containment and Large Fire Management
Deciding how to contain a fire poses many challenges, all of which are complicated by uncertainty concerning weather and its impact on fire behaviour and suppression resource effectiveness. The term initial attack is typically used to describe the early stages of suppression and the resources that are allocated to the fire are referred to as the initial attack force. The resources used for initial attack vary by agency, and the determination of which resources to dispatch and the order in which they are dispatched to each fire varies by agency and by fire.
When the initial attack force includes airtankers, they often arrive over the fire shortly after the air attack officer arrives in a bird-dog aircraft and they will proceed to drop water or retardant on the fire under the direction of the air attack officer before fire trucks and/or ground crews arrive on site. When the ground crews do arrive some time later, either by air or by ground transport, the air attack officer will eventually hand the fire over to an incident commander (IC) who supervises the crew or crews that use pumps and hose, shovels and other equipment to construct control line around the fire. Airtankers may continue to work on portions of the fire not staffed by ground crews if they can drop their loads without jeopardizing the safety of the crews on the ground.
In the case of amphibious airtankers, the air attack officer must decide from which water body each airtanker will pick up water and when and where each airtanker will drop its load. On the ground, the IC must decide when and where to begin constructing control line using the equipment at his or her crews' disposal and how they will progress around the fire. The IC must assess the fuel, weather and topography and its impact on fire behaviour and suppression crew effectiveness, all the while keeping in mind that wind and other weather variables can and often do change dramatically. Since the safety of the fire crews is paramount, initial attack operations pose many complex decision-making challenges to the IC who must resolve his or her decisions under uncertainty.
Fires that are not contained by the initial attack force are variably classed as extended attack, escaped fires or large fires-the definition varies by agency. In the province of Ontario, for example, a fire is classed has having been successfully initially attacked if has been declared Being Held (BHEnot spreading) by noon on the day following the day the fire was reported, or its final size is less than or equal to 4 ha.
Initial Attack
The initial attack system is a crucial component of any fire management system and has been the subject of many attempts to develop FMDSS, one of the earliest of which was Parks (1964) [49] . Simard (1979) [50] developed a detailed simulation model of airtanker use on a single fire, but it was intended to serve as a research tool and not as a DSS for initial attack dispatchers. There have, of course, been many subsequent attempts to model the initial attack process (e.g. Fried and Fried, (1996) [51] and Plucinski (2013) [7] ) but I am not aware of any initial attack DSS that have been implemented and documented in the peer-reviewed literature. It's especially interesting to note that Thompson et al. (2013) [52] concluded their comprehensive review of the effectiveness and efficiency of aircraft use in the US Forest Service by articulating a need for much better data and more comprehensive data to support new analytical initiatives in this area.
Large Fire Management
It has long been recognized that large fires constitute most of the area burned by wildfires and that their management consumes a large portion of most fire management agencies' budgets. Fire suppression expenditures have also been increasing for a number of reasons, some of which have been discussed in the peer-reviewed literature (e.g. Calkin et al. (2005) [53] ). Some agencies, the USDA Forest Service in particular, have initiated many studies focussed on large fire management, one of the most recent of which is Thompson (2013) [54] . Nevertheless, the peer-reviewed literature suggests that many of the large fire management challenges that Shephard and Jewell (1961) [8] discussed when they first initiated research on the application of OR/MS to fire management remain. That being said, it has not been for lack of effort.
Martell (1982) [2] describes many of the early attempts to apply OR to large fire management, one of which was Bratten (1970) [55] . Mees et al. (1994) [56] developed a set of models that can be used to determine how to minimize the expected cost of containing a large fire subject to uncertainty concerning flame length and fire line construction productivity. More recent attempts have utilized the mathematical programming approaches that were first developed to address spatially explicit forest management planning to deal with the difficult problem of modelling the interaction of fire growth and fire line construction (e.g. Wei et al., 2011 [57•] ).
The US Forest Service has, as noted above, long recognized the need to improve the management of large fires and in recent years, has supported research aimed at using information technology to develop information systems and FMDSS designed to meet the needs of large fire managers. Its Wildland Fire Decision Support System (WFDSS) which is described by Calkin et al. (2011) [58• •] is a comprehensive FMDSS that can be used to support and document wildfire risk analysis to enhance the management of large, escaped fires. Finney et al.'s (2011) [59] ensemble stochastic fire growth modelling system is an important advance in providing fire managers with advanced fire growth technology but it, and models like it, ultimately have to be linked to tractable and realistic suppression optimization models that can be used to develop and evaluate alternative large fire suppression strategies and tactics on an operational basis.
That effective fire suppression can contribute to dangerous fuel buildups in many ecosystems, the so called fire paradox, has been the subject of growing interest in recent years (see for example, Regos et al. (2014) [60] ). Coupled with that is the fact that the growth of large fires can sometimes be slowed when they burn into recent fire scars. Houtman et al. (2013) [61• •] incorporated such factors in the methodology that they developed for estimating the potential impact of future fire suppression costs when a wildfire is allowed to burn. It illustrates both a need to and the possibility of exploiting advanced mathematical modelling methods to tackle some of the very complex fire management policy and operations that have come to complicate fire management in recent years.
Looking to the Future OR/MS has made significant contributions to forest and wildland fire management, but many important challenges remain. The fire suppression that was practised by traditional fire control/exclusion agencies was relatively simple. Fire managers were expected to prevent, detect and suppress most fires, and since they were able to draw on emergency or extra fire fighting (EFF) funds, they were able to use whatever resources they could mobilize at almost any cost.
Modern fire management agencies face far more complex decision-making problems. The development of modern transportation and telecommunications systems have supported the creation of national and international collaborative agreements that make it possible for fire mangers to quickly mobilize much larger and more costly suppression forces than was ever the case in the past. Moreover, fire exclusion has been (and continues to be) gradually replaced by fire management and many fire mangers are experiencing and will continue to experience even more pressure to put and leave more fire on the landscape.
In their review of FMDSS, Mavsar et al. (2013) [30] pointed out the fact that the four strategic FMDSS they reviewed have been successfully used to enhance strategic fire management in North America, South America and Europe but lamented the fact that economic factors have not been fully incorporated in such FMDSS. I expect any fire ecologist, fire behaviour specialist or social scientist would share their sentiments with respect to the extent to which the knowledge that their disciplines have generated has been incorporated in such DSS as well. I expect there would also be widespread agreement upon the need for more basic research to further our understanding of the physical, ecological, economic and social processes that determine the social, economic and ecological impacts of fire and fire management.
Fire management is becoming increasingly complex and climate change, changing fuel complexes, land use patterns, societal expectations, and budget constraints will continue to complicate fire management even more. Fire managers and fire management can benefit from FMDSS that can be used to help organize such knowledge and quickly process it to predict and evaluate the potential impact of alternative strategies and tactics.
One of my greatest concerns, however, is that despite the fact that we expect fire managers to practise Bscience-based management^, we do not provide them with enough of the science and technology they need to achieve what society expects of them. Forest and wildland fire managers will, in the absence of an adequate understanding of fire and its potential social, economic and ecological impacts and proven FMDSS they can use to enhance their decision-making, increasingly be forced to Brisk manage^Bby the seat of their pants^. We can and must serve their needs much better than we have in the past.
